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' This research was supported in part by a grant from the National Science Foundation. FeSO4*7H2O, 0.01 g; NH4Cl, 0.1 g; NaHCOs, 0.05 g; distilled H20, 100 ml. Freshly prepared media without the KH2PO4 and NaHCOs were distributed into flasks and sterilized. The NaHCO3 (saturated with carbon dioxide) and KH2PO4 (previously neutralized with KOH) were added aseptically to the medium. The final pH was 7.2. The cultures were incubated in desiccators at atmospheric pressure with a gas mixture containing 63 per cent H2, 13 per cent C02, 10 per cent 02, and 14 per cent N2 at 25 C. One pure culture, later designated H. ruhlandii, was selected as the experimental organism. Liquid stock cultures were transferred weekly and served as the inoculum for mass cultures and growth experiments. Mass cultures were prepared by spreading 3-4 drops of a stock culture over the surface of agar plates of the mineral composition described above. After 4-5 days of incubation under the usual gas mixture, the cells were harvested from the plate surface with the aid of 0.02 M phosphate buffer at pH 7.5. The cell suspension was then filtered through cheesecloth to remove small bits of agar that may have been carried into the suspension by the harvest procedure. The filtered suspension was centrifuged for 30 minutes at 3,500 XG at 0 C, the supernatant fluid discarded, and the cells washed by resuspending them in phosphate buffer. They were then washed a second time by the same procedure and finally taken up in phosphate buffer and stored at 2 C until used. One hundred and fifty smear plates generally yielded about 2.5 g dry weight of cells. Resting cell suspensions prepared in this manner were used for all manometric experiments. Usual manometric techniques were employed; the manometric method used for determining the simultaneous uptake of C02, 02, and H2 has been described by Schatz (1952 (Wieringa, 1940) or methane bacteria (reaction 2) (Sohngen, 1906 weight. It can also be seen that the rate of the oxy-hydrogen reaction is linear with respect to cell concentration. At higher cell concentrations (1 mg dry wt/vessel) the rate is no longer linear, possibly due to a limited gas diffusion.
The rate of the oxy-hydrogen reaction is influenced by the concentration of inorganic orthophosphate. At pH 7.2 the reaction proceeds best between 0.033-0.067 M orthophosphate. Higher or lower concentrations of phosphate sharply decreased the rate of the oxy-hydrogen reaction.
Using resting cells in 0.033 M orthophosphate at varying hydrogen ion concentrations, the influence of pH on the oxy-hydrogen reaction was studied. Figure 1 sulmmarizes the results of these and strip of filter-paper; side arm-40% pyrogallol 0.1 ml + 3 N H2SO4 0.1 ml; procedure-Gas uptake occurred for 2 hours. At that time the contents of the side arm and vent arm were mixed. The alkaline pyrogallol absorbed the remaining oxygen in the vessels and stopped metabolism. The oxygen uptake was calculated by subtracting the value obtained for residual oxygen from the total initial oxygen present in a zero time control.
Subtracting the 02 uptake from the total gas uptake gave the H2 uptake.
experiments. The optimum pH was 7.2 with the rate of the reaction falling off a higher and lower pH. The rate fell off more rapidly in the acid region.
Under similar conditions the oxygen concentration was shown to influence the rate of the oxyhydrogen reaction. The best rate was obtained between 5-9 per cent oxygen when the remainder of the atmosphere was hydrogen. Above 10 per cent oxygen the rate fell off markedly, whereas from 1-3 per cent oxygen the rate was only 10 per cent lower than the optimum. After 1 hour, oxygen tensions above 10 per cent progressively decrease the rate of the reaction.
The hydrogenase activity as measured by the rate of the oxy-hydrogen reaction was stable on storage. If washed cell suspensions are stored at 20 C, they show a slight loss of activity in two weeks. The greatest loss of activity found over a two week period was 40 per cent. Freezing the cell suspension resulted in a small loss of activity after 7 weeks. However, frozen preparations were not used since some destruction of the cells might occur during freezing and thawing. (Woods and Clifton, 1938; Koepsell and Johnson, 1942 is borne out by the parallel data obtained with oxygen and methylene blue. The formation of hydrogenase is dependent not only on the presence of hydrogen, but also on the partial pressure of oxygen. Lower oxygen tensions favor the production of hydrogenase. The sensitivity of hydrogenase to oxygen has been reported by Wieland and Pistor (1938) , Lascelles and Still (1946) , Joklik (1950) , Fisher, Krasna, and Rittenberg (1954) , and others.
Although heterotrophically grown cells lose autotrophy, the reverse situation does not obtain. Autotrophically grown washed cell suspensions can oxidize a variety of organic substrates as shown in table 3. Kluyver and Manten (1942) and Wilson et al. (1953) Procedure: The contents of the side arm were tipped into the main vessel chamber at 0 time for the controls and at the end of the experiment in the other vessels. The controls were used to determine the initial composition of the gases. The H2SO4 served to stop metabolism and liberate the C02 present as bicarbonate in the aqueous phase. Following this a measured amount of potassium hydroxide was added through the vent arm; this served to absorb the C02 in the gas phase. The alkaline contents of the vent arm were then tipped into the main chamber and served to make the pyrogallol alkaline, resulting in the removal of oxygen from the gas phase. The hydrogen uptake was determined by difference from the total gas uptake and the C02 and 02 uptakes. The time of the experiment was 60 minutes. fixation of carbon dioxide must come from the oxy-hydrogen reaction. The manner in which H. ruhlandii couples the energy derived from hydrogen oxidation to carbon dioxide fixation was studied by following the uptake of H2, 02, and C02 by resting cells, simultaneously. Using this method, C02 fixation was readily demonstrated even with cell suspensions that were several weeks old. With age, however, the amount as well as the efficiency of the assimilation decreased; that is to say, a greater amount of hydrogen and oxygen was taken up for every mole of carbon dioxide. Table 4 summarizes data on the quantitative uptake of H2, 02, and C02 obtained with fresh cell suspensions under an atmosphere containing 2 per cent 02. From the ratio of the gas uptakes the equations effected by H. ruhlandii under these conditions can best be formulated as: (4) 4H2 + 202 -+ 4H20 take must take place as in reaction (4). The H2 still unaccounted for by reaction (4) was 2 moles and must correspond to the reduction of one mole of C02 as written in reaction (5). Table  4 also shows that the results with low cell concentrations are variable. This is undoubtedly due to the small total gas uptake which made the method unreliable. These data for the assimilation of H2, 02, and C02 are in agreement with those reported by Schatz (1952) for H. facili. These results are probably more significant than gas analyses carried out with growing cultures.
Thermodynamic considerations (see discussion) indicate that it should be possible to achieve greater efficiencies for C02 fixation. That is to say, for every time reaction (5) occurs, reaction (4) need occur less frequently than the data indicate. However, it is difficult to determine the minimum number of times reaction (4) is required to occur per reaction (5) since reaction (4) can occur independently of reaction (5). Better data might be obtained if some method were available to limit strictly the occurrence of the oxy-hydrogen reaction in intact cells. In an attempt to improve the conditions for carbon dioxide fixation, the experiment described in (5) C02 + 4(H) --(CH20) + H20 (6) Sum: C02 + 202 + 6H2 --(CH20) + 5H20 The basis for this formulation is that since C02 is not directly reduced by H2, the H2 and 02 up- (10) C02 + 2H2 --(CH2O) + H20 Thus, at 8 per cent O2, the optimum concentration for the occurrence of the oxy-hydrogen reaction, the efficiency of the carbon dioxide fixation, becomes an inverse function of the cell density. The gas ratios shown in reactions (7) (Schatz and Bovell, 1952 ) and H. carboxydovorans (Kistner 1953) .
Two incompletely described species are also known: H. agilis and H. minor (Niklewski, 1914) . Pseudomonas saccharophila (Doudoroff, 1940) has been isolated as an autotrophic hydrogen bacterium. When conditions were not optimal, as for example with old cell suspensions, improper cell densities, or limiting 02 tension, the process was less efficient. Namely, the oxy-hydrogen reaction occurred more than twice, for every time one mole of CO2 was assimilated. The free energy relationships of the chemosynthetic utilization of C02 by this organism were discussed, and the efficiency with which the chemosynthetic process occurs was described. The equations given above represent our best ratios for the simultaneous uptake of H2, 02, and C02 and represent an efficiency of 7.25 per cent for the utilization of the energy of the oxy-hydrogen reaction for the assimilation of C02.
